This work is devoted to the investigation of the influence on the light output coefficient of antireflective coatings by different configurations of the micro-relief formed on the light output surface of a GaN-based LED. The technology of the micro-relief fabrication in SiO 2 -based antireflective coatings was developed with the use of electron-beam lithography (EBL) and contact photolithography. Simulation of the influence of the micro-relief of various proportions and configurations on the optical output coefficient was implemented. It was discovered that the micro-relief made with electron-beam lithography and contact photolithography increased the optical output coefficient.
Introduction
One of the primary goals in the research of semiconductor light-emitting diodes based on gallium nitride and its solid solutions is to increase the external quantum efficiency of the light-emitting diode. There are several approaches to improving the extraction of light emitted from the semiconductor material into the surrounding media. It was discovered that combination of semiconductor wafer and transparent substrate by bonding technology can increase the light extraction [1] with the use of sophisticated geometries [2] . Another approach to enhance the light extraction is the surface roughening by wet etching process [3] .
The external quantum efficiency SiO 2 of a light-emitting diode crystal is defined by two key parameters: internal quantum efficiency and optical output coefficient
The effect of total internal reflection, consisting in localization of the light inside the structure of a light-emitting diode, reduces the probability of the escape of photons from a semiconductor. Therefore, a coefficient of optical output of radiation is introduced, defined as the relation of the number of the photons radiated by a light-emitting diode to the number of the photons formed in the active area in a unit of time [4] . The optical output coefficient can be estimated as follows:
where −power of the optical radiation escaping from a light-emitting diode; − power of the optical radiation from the active area; and ℎ −energy of a photon.
Thus, the effect of total internal reflection on the border of a material with a high optical density (semiconductor) and a material with a low optical density (a sapphire An increase of the external quantum efficiency is possible due to the creation of light-dispersing surfaces and use of the antireflective coatings.
The aim of the work is the development of a technology for formation of a microrelief in the antireflective coatings and simulation of the optical output coefficient.
Materials and Methods

Technology for formation of a micro-relief by means of electron-beam lithography
The formation of micro-relief surfaces in the antireflective coatings was developed on the example of SiO 2 films with the use of electron-beam lithography and contact photolithography. 
Formation of Micro-relief By Contact Photolithography
For formation of the microedges by the direct and reverse ('explosive') contact photolithography, a two-layer mask based on ERP-40-FP-051Shu-0.5 resists was used.
Exposure was done through a photomask with aperture diameters of 1.31 and with a distance between the windows of 1.43 . Due to the reverse lithography in the SiO 2 layer, microedges were obtained in the form of truncated trapeziums with a height of 439 , the size of the top base of 1.384 , and the bottom base of 1.83 ( Figure   2 ). The density of the edges was equal to 2.5 ⋅ 10 7 / 2 . The given model allows us to investigate the efficiency of the output of light from the top face because it considers the quanta, which has no reflection during the passage of the border between the active area and the light-extracting layer (GaN). By defining the relative number of the quanta, which left the top face at various configurations of the micro-relief surface, it is possible to estimate the influence of a micro-relief on the coefficient of optical output of a light-emitting diode.
Results of Modeling of Optical Output Coefficient
Discussion
Analysis of the received results shows that for a structure without an antireflective coating, the optical output coefficient is ℎ extract = 0.37. Hence, the crystal was left with 37 % of the photons, which came into the light-extracting layer of GaN from the active area. Deposition of the antireflective coatings increased this coefficient: for SiO 2 film, we received ℎ extract = 0.41, and for ITO film -ℎ extract = 0.43. During simulation of a micro-relief in the form of microedges, the correlation between the width and height of the microedge /ℎ changed, as did the distance between the points. It was established that the greatest optical output coefficient was in the structures with a micro-relief surface, where the basis of the edge was commensurable with its height, and the micro-relief elements were located densely to each other ( Figure 4 ). For the structures with the correlation of /ℎ = 4/3, the maximal value of the optical output coefficient was received: ℎ extract ≈ 51 % for the ITO antireflective coating and ℎ extract ≈ 45.6 % for the SiO 2 film.
Conclusion
It was established that the presence of the antireflective coatings and formation of a micro-relief in them increases the optical output coefficient. The technologies developed for the formation of a micro-relief in the antireflective coatings allow us to ensure a regular structure with a high density of edges -10 7 … 10 8 / 2 .
The greatest optical output coefficient can be reached at the demanded correlation of the geometrical sizes and configuration of the micro-relief, which ensures a microrelief angle at the basis of about 50 … 60 ∘ .
